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““”,A theoreticalinves’lifgationofthesupersonicwavedragat zero
liftofa seriesofuntaperedstieptbackwtngshavingthinsymmetrical
biconvexparabolic-arcsectionshasbeenpresentedinNACATN No.1319.
Theinvestigat+m’hasbeenextendedto inchzdeMaclInumberswhich
bringtheMqchltie behindthewingleadingedgeandalsoto inclpde
wingsofrectangularplan.form.Theresultsarepre8e@edin.a~lified
fozmsothata singlechartpermitsthedirectdetemin~tionof’the
wavedragforthisfamilyofwingsoveran extensiverangeof swee~
backangle,Machnumber,aspectratio,andthicknessratto.The
resultsobtainedfor thetotalwavedragofthesweptbaokwingsare
applicableto thesamefamilyofwingshavinga corre~pond~ngdegree
ofsweeEfomwprd.

WhentheMachlineliesbehindthewingleadingedge,thewave-
dragcoefficientsofthesweptbackandrectangularwingsareshownto
reachmaximumvaluesa% certainlimitingaspectratiosand
constantforallaspectratiosgreaterthantheselimiting

Thel~itingaspectratio3.sequ~lto 2CotA

1 cotA~=; - 1
sweptbac”kwing andto — for,therectangularwing,

\G .’
isthean+deofsweenbackand M istheMachn~ber. The

remain
values.
forthe

where A

variation
ofwingw~ve+ag co~fficientwithMachnumberovertheccmplete
rangeof supersoniclfachnumberisshowntobecomelesspronounced
withdecreasingaspectratio.It isalsoshowntluitsweepbaokobtained
by rotatingthewingpanelsrearwardcangiveappreciablereductions
inwingwav~rag ooOfficientat allsupersonicsyeeds.

“.., INTRODUCTION..
. .

Recentdevelopmentsinairfoiltheq?yforsupersonicopeeds
(references1 to 3) indicatepronouncedeffectsofsweepbackand
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aspectratioonthedreg.Inreference~,a methodbasedonthin-
airfoiltheoryfora frictionlessfluid(reference2)wasappliedto
calculatethesupersonic‘ilavedragat zeroliftfora seriesofwings
havingthinsy~etricalbiconvexparabol~c-arcsectionswithuntupered
planformsandvariou~anglesofsweepbackandaspectratios.The
resultsinreference3,however,arelj.~tedto thoseca~esinwhich
theMachlineliesaheadofthewingleadingedge,ortoa ran~eof
Machnumberfra 1.0tothevalueequaltothesecantofthoau~le
ofsweepbtick.Theterm“Mach”lj.ne”asusedhereinreferstothe
Maohwavethatoriginatesattheloadingedgeofthecentersection,
unlessspecified.otherwise.

Thepresentpaperextendsthecalculationsofreference3 for
thesamee,eriesofwingsinorder.topresentwave-dxwgresults for
casesinwhichtheMachlineliesbehjndthewingleadingedge.These
dataareobtainedforwingu@ racta”q”randswoptbackplanforms
aidcoveran exteniiv’erangeofMachnumberbeginningwithth~value
atwhichtho~ch line”,coinoideswiththewing“leadingcd@.Jn order
to~resenta more’completepictmm,theresults-ofreference3 that
coverthe”lowerrangeofMach”numiberar$reproduced-hereintogether
withadditionalcurvesccmputadft$omk-las Civeqinreference3.
Theresultsoftheentireinvssti+ptionarepresentedina unified
formsimila~totha~iven in-reference3 sothatthewuvedragfor
this,familyofwi.fi~smaybe detgmninsddirect,lyfrcma sjnglechart
overan extensiverenGe”~faweepback-ai@e,Machnumber,aspectratio,
andthicknessratio.IntheTenthAnnualWrightBrm. Memorial
LecturegivenonDecem%erl?,IQ46,Dr..vonK6~xn indicatedthatat
zetioliftthetotalwavedrag”f’ara qweptforwardwing5Sidentical
withthatdbtainedforthesaQewinghavinga corrcmpond.j.fi~,amountof
ewpepback~Theresultsoftheprbsen~Investigatic?fifor thetotal
dragofsweptbackwings,therefore,areapplicableto Uiesame?%mily
ofw$ngshavinga correspondingamountof.sweepfomard.’The.di@xribu-
tionsof.sectiondrag,however,willdifferinthetwocases.Although
theculcul.aticnshavebeenmadefor,.’thebiconvtixparabolic-arcprofile,
thedatamaybe appliedto j.hdicateCorrespondingresultm for p?ofiies
similartothebiconvexparabolic-aro

.,

SYMBOLS

profile.- ~

,,.

x,y, z coordinatesofmutuallyperpendlcul.arsy~tenofaxe6

c chordofairfoil section,measu.redinflightdirection

t/c thidcneesratioofsection,measuredinflight--direction,.,,
A

..”
an@8 of–sweep,degro”es“

.
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2/% slendernessratiosratio~fwingsemispanmee,surefl+.ong
,. ..... ..--.tiidchordstati’ontomaxiiaumthicknessofcenterse@tion

v
. .

velocityinflightdireotton.,.,
< . . .

,U x+mmponentofdisturbancevelocity3positiveinflight,,!:;,. -. dpection . . . .

c disturbancevelocitycausedby saurce,linewithrever~al
..”....-....... eignofm “ .. .’._.

. .
I sourcefactorrequiredtomaintai-~”agivenwedgea~le

dz
E elopeofairfoilsurface\ .-

R.P. realpartofccunplexexpression
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,,,
coordinatemeasuredalongy-axiswhichisshifted.L”~tip

section>aemichords ...
. ,,- -..—_.. . . . . . ,,. .

J%,.” coordinatemeasuredalongy-axfswhi~h”is.shlftti,to
. ,... oPPOsitetipSeCtiOn>semichords” .. .: .-..-.
... ..’
‘Cam, ~.,sectfonwav+dra~.c~efficientwithoutti”peffect .

,, ,,, . .. . .
cd bectionwav~rag “coeffi~ientincludingtipeffect
.,, ,, .. :. . . ...

in

——

ACd incrementiukectton;waye--dlrqgco~fici,@”’iau5ed,byw~-tf.pk...—
,:. ......( ,.. ... .. ,’

AGd~ Incrementtn.sectionwave-drag coefflc-ientcam’edby%ingtip
locatedonsariebald?.ofwingas.section~~~
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sectionwavedragcoeff~cientononeW@g panel
tipofoppositewingpanel

,.. ...............,.
wingwave-tiagcoeff”lcient+ithouttipeffect

wingwave-dra~coefficientincludj.ngti~effect

incrementinwave-dragcoefficientcausedbytips,ccmpletewing

j.ncremenHnwave-dmagcoefficientononewingpanelcaused
by tipofoppcmitewingpanel,completewing

c~ordinateswhichreplacex and y, respectively,u“sedto,.
indicatOoriqincf&burceline

w intransformedco”~rdinatesystelnofreference2
.

~z’imedvaluesof A,.y, y;,yhih, ZJandm “indicate
“ Involvingmultiplioati~nb; factorP.

.> ....
Subtic’r:ipt~lotationsforu“a~”~~ indicntethoori@n..

intermsofcoordinatesx and y, respectively.
.;. . .,

ANALYSIS ..

—

trmxifmmatiori

..
of’ source llne *

.

Basic4ata.-T.heapalysisisbasedonthin-airfoiltheoryfor— —.
smallpressuredisturbancesrelativetotheamhiiintpressures.The
axesuse5 arethemutuallypsgpndlcul.arX,y, Z SySt@li fi which
thex-axisi~takeninthedirectionoffliglxhpositiv6tothe,raar,
they-axisisalo~ thespangcsitiveto-theright,andthez-axi&
isfios~t~veupwards.Thesymbolsusedtudesignatethewing-plai%
i%ruparametersam showninfigure1. Theanalysisismadefcm
Uritapez’edsweptbacisandi’ectangularwingsofbiconvexparabolic--arc
profileat ierolift.Thewing”isconsideredtobe-cutofffna
directionparallel.to thedii’ectionofflight.TheMachnumbers
consideredinthisanalysiscorrespondtothosefa ‘~hlchtheMach
lin~liesbehind.th6win&.leadingedge,thatis,fw Machnumbers
greaterthanthesecantofthoangleof sweepback

., (m>*)”
Theory.-Thepresentanalysiscorrespondsessentiallyto-that,.!.: ,.’‘giion”inreference3 where“~<*: 13y;followin~-theanalysisof

reference3,th? sectionwavs-dxagcoefficientflxethe’s~etrical
biconvexparabolic+wcprofileatthespgmwisestationY is
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Cdb’)=“v’J(--iija.77 I .2

where u refersto eithersurfaceofthe“airfoil.

Theevaluationof equation(1)itivolvesthed~temninationof
thedisturbancevelocityu at eachpointcnthewing: An appropri–
atesystem-ofsemi-infinitesourceandsinkllneswhichrepresent

1 thewingsconsideredhereinisgiveninappendi.xA. AppendixA also
givestheu-expressionsforthesesotice~inesandtheirregionsof
influenceonthewingas detemninedby theMachconesfrrmtheir.
extremities.Theseregionsof $nfluencefortheindividualsoume
linesareillustratedinfi@?e 2 andaregivenintableI as the
limitsofthevariablesof in’tegrati.onfor x alorigthechordand
for y along the~pan. ,.

Figure2.i.s’giveninWder’toillu~trate.t~ic~llbchlinesfor
Machnumber’sinwhichthetichWave@nuthe nose.liisbehindthewing

(. )
leadin&edge rn,>~. I~smuchas thewingcut-offisrq~resented

by reversedsemi-infinite‘Gource-linedistributions(appendixA),the
tipMachccmeeinfigure2 forthevariouuaspectratiosshow.bhe
extentof’theregton=ofthe.t~p.effect,For A> fi, thetip:

effecton”thewingis influencedonlyby theadjacenttip. If
A<l’ bothwingtipsinfluenceeachwingpanel.

3’
Formulasforeectionwave-dragcoefficients,-Theformulasfor

thesectionwave-dragcoefficientforsweptbackandrectan~r
wings,whichz?esult,frcmtheintegrationoftheu-expressionsin
equation(l)>arepresentedinappendixB. Theseforlmlasgive
expressionsforsecticmwave--dragcoefficiezitwithoutthetiperfect
cd= andalsotheexpressionsfortheincrementsinsectionways-drag
coefficientcausedby thewingtip~ Ac”d.

Wave-dragcoefficientsforcompletewing.-,Th~foruulasfagt4e
wave-dragcoefficientsfortitaperedsweptbaclandrectangular wi~”s
ofhiconvexparabolic-arcprofflearegfveninappOndiXB.

and
the

RESULTSANDDISCTJSSION

Variationof sectionwave-dragcoefficientalongspan.-Figures3
4 showthe@2htiOII ofsectionwav~--dragcoefficient“cd along ‘—
epanforthewings0$45°audQO sweepback,respective~.
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Theresultsareshowninfigure3(a)forthe
ofinfiniteaspectratio,thatiswithoutthetip

. .
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45° aweptbackwing
effect,at several

Machnumbers.Theloweot148chnumberl.hlrepresentsa caseinwhich
theMachlineisooincidenim~iththewingloadingedge. Inthl~case,
asnotbd“inreference3,thewinghasa veryhigh@’agandthesection
wave-dragcoefficientincreasesin”the”outh~rddirectionEM
apprmchesinfinityat an infinite.distancefromthewingcenter.
‘Asnotedlaterinthj.ssecticntineassumptimsof thellnee.rizodtheory
mqybeviolated,at a Mach”number‘of.”1.~1exceptfbrverythinw~ngs,-.,’
,,’ ,.

?Jo.rthehigherMachnumberofl.,jo,theordinatesarereduced
inmagnitudeandthespanwisevariation’of cd .ismarked~.flat,ter.
Tbeseoti’onwave--dragcoefff.cientwl$houtt~p~ffektcu. .~~a,
minimumvalueat thecentersection,incrcme~ in.the.outboardJirecti@n~
andthenapproachesa gortitantfinito.vnluo,‘I?4i.sCoilstmltvalueOf
Cu resultsfrcmthefqct”tliatii’thaeffectofthewjpgtipois.
neglected,the$1OWis twti”im6nsion.al”over,thepartsofthewimg
aheadoftheMachwavefra””thevertex..Thecompcmentp’alleJ.to
thewingleadingedge.hsnoeffecthtm?G;that “jm,thi~re610nis
influencedonlyby thecomponentofthe,ve3kCity’normal,tpthewing
“loadinge,@q(referencek). Thepreseures,Werefo%e,areexactly
thosethatwouldbe oomputedby theAckerettheoryofljnsarizo~two--
dtiensional:sllper~,oticflm.byuse ofthenarroalveiocltycaporletit
(reference~), O@hoardofthepoint.wherotbMhch wayefrcmthe
vortexintersectsthowingtz’ailingedge,thef~owLiaentirely%wo-
:dimensional.Inthi~regj.on,therefore,thesectionwave-dz%qcoef-
ficientbasedonallpwametersmeasurednormalt.othewingleading
edgehast,haconstantAckeretve.luetoran infinite“z%tita~ularwing.
ThevalueiH:

.

16 L 2’” ,’”’
()‘?mn=~cn (~eea~~enilixB,equa~ion’(.?4),)

measurednormaltothewi~ leadingedge,TM sectionwave+ra~
meastirednormaltothewingle&dingeag~iBobtainedf@i thiesection
wave-dragcoei’ficientjandthecaponentof’t“l@sfficeintheflight
direc’tlongiveetheWUQ sec?tiQn d?&ig, As a result there is obtained

.,.

h=
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Whenthisvaluefur cd 3s

an infiniterectangular%ing
comparedwiththeAckeret
haviruztheS- thickness

7

resultfor
ratiointhe

foundto increasebecauBeof sweepbackby thefactor~.
@292 _ ~

Thehighest~ch number2.24rapresentma casainwhichthe
wingiswelloutsidetheMachcone.At thisMachnumber,Cdm
approachesthetwc+di~nsiona~valueat a comparatively=11
distanceoutboardofthecentersection,

In figure3(b),thespeawisedi~tributionsof cd areshown
fcmthe47°sweptbackwtngat a Machnuuiberof 1.8forvarious
aspbctratiod.The asject hatios in this figure weresblected”so
thattheyrepresenteE@,ofthedifferenttypes.oftipeffects.
(Seefig.2.)

A ccmpa~isonofthe c&m-disbributicgsil.lusi>ateflinfi~e 3(a)
withthosegiveninfi”gure2(;)ofrefarence3 shawsan important
differencebetweentheconflitiona”wheretheMechlineli~~aheadof

()
thewingleadi~edge m< ~ aridwhe~etheMachlineliesbehind

()
theleadingedge n> # . If’m<~,” thesectionwavs-drqgcoef- ‘. .
ficientwithouttipeffeotcd decreasestozeroat somepointCQ
almg thespan,thenbec~esneaative,andfinallyapproacheszero ..
asyzuptoticall.yat infinityjwhereasif m> ~, c% doesnotdeorease
to zerowithincreasingvaluesof y butapproachesa constant:
positi~evalue.Thecontrilmtionsoftheadjacenttipeffectto the
shaleQf,the~cd+tiStri.bUtibnL>cd~ aresimilar’forboth
m>.k and m< -.

;
Thismaybe seenby taki~ tbedifferenceof

“thecd+urve,8fdp A =~ and‘A = ~ infigure3(b)‘andcanparingthe
resultingdistributionwith ~cdT ~lveninfigure2(”b)ofreference3.

Theincrementin sectionwave-drewcoefficienton onew~.~panel
caused’bythe”tipdftheop~sitewir~panelMdll~ h~wever,tendsto

he shif~edinboardwhentheMachnumberieiucreasedfromtherange

m’<~, to ill>
B’ “

~. (Note}iachlinesfromop,ositetipinfig.2(a)
infig.:2(b)ofreference3.)‘Thisccm-Ofthispaperand @dll ‘ -;. .._’ “

parisoniii~cates,therefore,that.i.n~eneralfora givensweep-
—

backangleahdcomparativelyhighaspectratiosi~”wliioh‘Ac~llis

zero
( )

orveryqmal.~,anincreaseintheMachnumber‘J%@2:l .

.,.,
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whichbringstheMachlinebehindtheleadfng
appears‘coresult--ina shiftofthecenterof
dragintheoutboarddireotion.

Theresultsareshownin~fgurek(a)for

NACATNNo,14k9

edgeofthewing
preeaureofthewave

therec%angulxu?wing
of infinite aspectratioat several Machnumbers.Theseremits
correspondto theAckerettheory,whichshowea constantsection
wave-dragcoefficientalongthespan,

.

Theresultsaregiveninfigurel}(b)fortherectangularwing
ata Machnumberof1’.25forseveralaspectratios.Theaspect”
ratiosinthisfigure,as infigure3(b),wereselectedsoas to
represent eachof thedifferenttypesoft~peffects.(Seefig.2.)

Effectoftipsonwingwave-dragcdefficienti-Thepresent
1 indicated,as noted In reference3“form< -,analysisfor m> ~

i
that theintegratedvalueof Acdl overthewi~is zero ifthe

2maspectratioisequalto a greaterthan —. Inasmuchaa

@D1s is zero-forA ~ ~ (seefig,~a~:)~ thetotal@crement

inwave-dragcontributedby thetipis%ro If A-S
.+?” “ .

Fortherectangularwing,m =m and.thetotalincrementin

~ causedby thetipsiazeroiftheaepectratiQA ~ ~. (See

appendixB, equation(Bll).)In therange A>;, therefore,the
wave4ragCoefficjen.tfortherectangularwingi_sindependentof
aspectratioandisequa~totheAckeretresultfora’twc+dimeneional
wing, IftheaspectratiofortherectangularwingISlessthan
l/13,theincrementin CD causedby thetipsisfoundtobe negative.

Generalizedqurvesforwingwave-dragcoefficien.t.-F@res ~
to 8 presentge~eralizedcurvesfordetermmngthew~ngwave-drag
coefficientoveran exteneiverangeofawoepbackangle, M%chnumber,
aspectratio,andthicknessratio.’TheresultsareGiveninfigures~
and6 forthesweptbackwings.As notedpreviouslyin the “INTRODUCTION,”
thedatainthesefiguresareapplicabletothesamefamilyofwings
havinga correspondingamountofsweepfolward.Tharesultsforthe
rectangularwingarepresentedtnfigures7 and8.

Thedatainfigures~ toElapplyspecificallytoWtaperedwings
at zero lil?t withbiconvexparabolilc-arcprofile,sandthe“wingtips
cutoffinthedirectionofflight,Theresults, however,may
be appliedto indicateap~roxhat~resultsforprofilessimilarto

r

.

.
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. .::-.-.. --,i:. :,.. :; .:. ...-.
the-’h$edW@i pardbb~.t&~&’ip~~~~$’l:~B&~{au,~:,ctfkhe.~sf@&”<&kof”
thepiem?ht”litieariiedthcdry,“th6‘resultspis~eritedhereinforMach
numl?ersinthev;ci,ni.ty,q$,qqc,i.~~...~r.a%’.~u~rf(:lilgliMach.n@nber~,,
‘3re”“33.generalquestibnablbj sxcept“f~”till”“cirvaniehS@y smdii “-
WWW~s..ra~~~.j$WsW@,aLs.~bw@!-@@e.d.~re”ssuYed’i=tuqbances
“ov”bZ?the’w?,%‘“atsuchMachnti’9ti$l~en.d$0,~be.large.re@tjv6to,~~e
ambientpressures;F’dfiappliutfond-*O‘very~il aspect..-ratios,,
thepreseqttheorymayrequir~sh~~dbdffi.cations,‘... ,...,;.-“,.~... ... .. .,,.,,,,..

Theresultsinfigures5 and&‘for$hesweptbac~wing,are “given., ,,
ih terms~of.tliewa%+rag%oeffi;~Ont”-pAr@eter. ‘ - ,
.. ..

Ci, ““”””

‘;,.*:: y’y:’ -
nUMbe;p;ram8ter cotA M2 andthea“spect‘ratio~ar-~etqr.~-J- -
A taaA As shown,inreference“3;theseparametersgroupthe
variables~, AJ A, M, andt/c ina unifiedformandthereb’ypermit
thedirectdeterminationof.,the&ag coefficientfr~ k si~e :~art...
ovel?an.efi~hsiverangeof swe”epbackan@e,Mtichn~bey,aspactns.tio,
and.thidrness“ratia. Fora lo-percent-thickh5~’sweptbqu,~.Lw~~,-khe
drag-coefficientparameterInf@uree5 ‘and6 becomessimply~~ -
the.asyq~t+ratiopa?%.meterlA,and theMachnumberj?aram@br~”“f“~.
The‘resultsinfIgures5 and.6 maybe appliedto anjsweepbsckangle
coveringa rangeofaspectratiofr,cmO to 10cot A anda‘range”o“~
Ma~,h“ntib~rfrcml“to ~1+ 4.9tan2A. - , ““ ‘ ‘-“,..,. ‘.,
:r:. . .

Theresults“infigures5(a)and5(b)refertoM~ch”@m@s “.
~-x eqml to or leisthm”2;ttiti81:______correspondingto “cotA M

wheretheMachlineliesaheadofthewingleadingedge.Th@-,
datare2resentresultswhichwereobtaineddirectlyfromfigure5 of-
reference3 wikhseyez”alad?ittonal“cuyveswhtch”were“caIculatbd
frcmtheformulas giveninreference ~. Theresultstifi@es ~(c)
And5(d)refertoMachnumberscorrespondingto cotA ‘el equal
to orgreaterthan1;’that3s, wheretheMach.lineliesDehindtbp“
wingieadingedge,Thesedatawerecalculatedfr@ %hq”f@glula$~
giveninappendixB ofthepresentpaper.Thedatainf@ire 6 were
obtainedby cross-plottingtheresultsinfigure~;therefore,the
rang?ofMachnumb~randaspectratioinfigure”6 “isthese-mess ~ -.

that~+en infigure~. J ,..-:.,’... ...,,
‘t..

,..: .“. ,..—... . .’”
E@ect”ofasppotra~i.oetidMachnumberonwil~””wave.+ragccMf-

‘fi.cientforsweptbackwings.-If theMachlineis,well@h6aaM the
wiljg“Lpadiqgedge,increasingtheaspectratiointhe’rangeA ~icotA
reduces~~ “(see,fig’.,5,(a))~h~weve~,.for~llasp&6t+rat@ wh~re-
theMachlirieapprtichesthewingleadi~,edgean$klqofor ‘“$~ cotA,.... ..,. .....
forMichnumbers.cotA ~M2.- l’s1,”CD isr@ticeQ.~@hd.;qr~ping
aqpe,fitra$io. . ‘.,. ..-:,”.. ...“.> ;;...”....A!~;,t.:;f “..
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If’theMachl~ne
dragcoefficient

NACATX No.1449

liesbehindthewingleadinCedge,thewingwaye-
reachesa maximumvaluewhichisconstantforall

.

.

( )aspectratiosgreaterthana certaj.nlimiti~valuo A ? — .f2m
E@ - 1“

Figure6 fndicat.estl~atingeneralthevatiititionof CD over
thecozhpleteran~epfMachnumberbecomesleespronouncedas the
aspectratioisdecreased.For A“=cotA thevariationof CD
with M iscomparativelysmall,

,
EffectofaspectratioandMachnumberonwi~ wave-dragcoef-———

ficientfor=tangularwiI~u.-?$i~es 7 and.8indicatetheeffects
Ofa~Pectra%~OandMachn~ber on CD f#?rect~r~larwi~s.

~JJ
F@m?e ‘j’showsthevariationof v—- witha~pectratiofor”

loo(y ‘ “.
constantMaahnumbers”.Thewingwqye-dragaogff.icientreachesa.—,—
maximumvalueatan aspectratioequal.to l/@ - 1 andremaim
constantforhfghervaluesofaspecbratio.

forconstantaspect-ratio8,
.-,

Whentheaspectratioiseq,tilto or
greaterthan1, CD is independentofaspectratioforMachnumbers

.

equalto or greaterthan1.41.Thecurvesinfigure!3indicatethat
thevariationof CD overthecomplot.eTqngeofMachrminberbeccmma
lesepronouncedas theaepectratioisreduced;thua~the ssmetrend
notedpreviouslyforthesweptbackwings,isshown..

Effectof~wee<backan@e onwingwave-dragcoefficient.-In
orderto studytl?eeffecto; sweapbackonthewingwavedrag,th~

—

methofiofo?staiuingthesweepbackmist-be ctincidired.“Inihe_@?6sent
investigation,wiw wave-dragresultshav4beanpbtainedf’or two
diffQrentmethodsof incretisin~..thesweepbackangle,andthedataare

.-

preeentedInfigures9.and10, .“ “,

Inthefirstmethodotiobtaini”ngsweepback~-bhedataforwhich
isgiveninfigure9, th6sweepbackangle.isincreasedbyrotating
thewingrearwardabouta verticalaxisatthemidpointofthecenter
section.Therootandtfps,ec~ionsof$he.rujmtcdwing&rethen
modifieduotlia~”tlieybocdneparall.ektot-ho,fli@tdirectioninorder
to confo~toths’femi.lyof-swqptbackMing#~~s.tder?d..berein.For
this’method;theaspectia~iqand,the,th~cknmisrktioIUtheflight-
direation,ar&‘reducedwith”@creasing,swe6plj&ckJ’butthewingarea
andslendernessiattoaz+’emaintained”consttin%.Theslendernessratios
infigw?e9.arebasedon”athiclmessratio6f.O;:10me&sur6dina
directionnormaltothewingleadingedge.Thethlc~esgratiot/c
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measuredintheflightdirection,therefore,varieswithsweepback
a~ cosA oriseqtilto 0.1cosA. Theaspectratioisreduced
withsweopback,by thefactorcGE?2h.The.aspectratioA isrelated
totheslendekneesratio 2~t bythe f~llowingformula:,

,,
,>..- .... A. 0.2~cos2A “‘

The”r~sultpinfi.&ure9 i~d%catethatif~hewing’”is,swe~thackby
rotationcntheIiaaisof.-:oonstark2/t> sweepbackcqngiveappreciable- -
red.uct~onsinthewave+.ag”coefficientat=11supersonicspeeds.

Forthesecond~~thodofobtainingsweepback,“thedataforwhich
is showninfigure~0,thesweepbackangleis increasedby slidingthe
sectionsrearward.F@r.thismeth@,theaspectratio,thethickii%s
ratiointheflightdirect~”ofi,andthewingareaarenmintained
constant.TheresultsIDfiq~g 3.0indicateIA@ iftheying@ swept-
backby slidingthesectionsrearward,sweepbackcangiveappreciable
reductionsinwave+ag coefficientonlyatMqchnur@ersforwhich
thefbrwardMachlineisweILaheedor”thbwingleadtngpdBe.At
Machnumbers,however,fcrwhich~theforwardMachlineapproachesthe. .
wingleadlngedgeor fsb61iindit (cotA ~’1~ 0.~5},wingsweep-
backobtainedwithconstantA and t/’cincreasesthewave-drag
coefficient. “’ —

.“....., ,b,’. .

ConcludingREMARKS /-’. .,, ,-
,.,.
Thetheoreticalinvestigationofthesuparscnic‘i?avedragof

untaperedsweptbackwingsat zerolifthasbeenextendedto include
MachzmmberswhichbringtheMachlinebehindthew~ngleadi~edge
andlvcincludewingsofrectangularplanfo~. Thewingsections
in’vestlgat’edwerebic~vex,ccmposed~ftwo~arabolicares,andthe
wingtipswereconsideredtobe cutoffinthedirecticmofflight.-.
“Thefol.lowfngcoaclqstonshavebeendrawa:

MaohlineaheadofthewingleadingedSeg

1. If theMachline,ibwellaheadofthe”wtileadingedge,
increasingthe’a,spectrattointheran@”of aspectratio@eaterthan
orapproximatelyequaltothe cotangentoft@’angleofsweepbqck
reducesthewingwave-dragcoefficient,

—

2. Foraspectratioslessthanapproximatelythecotangentof
thean@e of sweepbackEUN2forallaspeotratioswherethe~ch line
approachesthewingleadingedge,thewi~ wave+lragcoefficient
decreaseswithdecreasingaspectratio.
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,.

-Machll;ne%ehind.%he wing..leadin~edgb:,.,,,. ,,
39 Thewave’+h?agcoefficientd?”thesweptbackwing”reachesa

maximumlvalueatanaspectratioforwhichtheMachlinefrcmthe
leading”edgeofthecentersectionintersectsthetrailingedgeat
thetip;thismaximumcoefficientreminsconstantforhighervalues
ofaspectratio.

4. Thewave-dragcoefficientoftherectangularwingreaches
a maximumvalueatana’spect’ratio.for,whichtheMachlinefrcmthe
leadingedgeofthetipsectionintersects~hetrailingedgeofthe
tipontheoppositewingpanel;“thismaximumcoefficientremains
constant.athighervaluesofaspectratio.

5. Thevave-drag-coefficientiofall.wingpforallaspect
ratiosdecrease”swithincreasingMachnumber.

,’
-CompleterangeofMachnwnber:

.!

.. -.
6. Witha ccmparattvel.yhighd.spectratio,an increaseinthe

MaqhnumberwhichmovestheMachllnebehindthewinglead.ing~edge .
apyears:tomovethecenterof-pressure.ofthewavedragintheout-
boarddirection.

.“ 7. Thewariatf.onofthewi~ wave--dragcoeffi.cientwithMach
.

numberoverthecompleterangeof.supersonicMachnumberbecomes
lesspronouncedastheaspectratioisdecreased. .-

8. Sweepbackobtainedbyrotatingthewingpanelsrearwardcan
giveappreciablereductionsInthewa@-dragcoefficientatall
supersonic.speeds. —

9. Sweepbackobtainedby slidingeachsectionrearward.cangive
appreciablereductionsinwave-dragcoefficientonlywhentheMach
li?eiswellaheadofthewi~ leadingedge.When.theMaqhlige
approachesthewingleadingedgeor isbehind~t,Hweepbackobtained
by slidingeachsectionrearwardincreasesthew@gwav~.ag-
coefficient.

LangleyMemcrlalAeronauticalLaboratory
NationalAdvisoryCcmmitte6forAeronautics
.’ Langle;’Field,Va:,July10,1947

. .
.
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APPENDIXA . ..””..,

FORMULASFORu-~RESSZONSANDINTEC+RITIONLIMITSFORINTEGRAND

INEQUATION(1)FORtiAJ?Ei?ED_ACKANDti~ULAR,....,
WINGSOFBICONV’IHPARABOLIC-ARCPROFILEAT KERO

[’ J“”’
LIFT m=cot~~~

B .. “:
SweptbackWings.

.,

Thedesiredintegrmdu ibe~uation(1)isdeterminedina
mannersimilartothatdescribedinappendixA ofreference3, The
sweptbackwingofdesiredprofileshapeamiplanformis-builtup
by superpositionofthesolutionsobtainedfora sami-infinite
obliquewedge.On thebauisofthelinearizedtheory,reference2
derivesa solutionrepresentin~an obliquesemi-infinite(sweptback)
sourceltnemakingtheangle.d ,grweepbackA withthey-axis.The -
solution’utilizedforthe”press~efieldorforthedisturbance”
velooityis .

‘0,0 6.=R.P.Icoeh-lx-m”2y - “ (Al)- “-”---

wherethesubscriptnotationindicates‘thatthesourcelinestarts
at,theoriginof coordinates(x= O,y = 0). 13quation(AL}fs
showninreference2 to satisfytheboundaryconditionfora thin

[)$& t
obliquewedgemakingthehalf-angledx inthetransfmd .2..

coordinatesystemofreference2 (Y’=

()
dz 1

Y~s2}= zG), where
1~~. The~ourcefacta*I intermsofthez ‘F=v ~

physicalcoordfnat.esystemrequiredtomaintainthedesiredwedge
isshowninreference3 tobe representedby

(A2)

.
If thefjourcelineissweptahead,oftheMachline,@ > 1,

thensubstitutionofequation(A2)inqquatibn(Al)’gives .
. .
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Thesweptbackwingofbiconvexparabolic-arcprofileis
representedby thefollowingsystemofehxm.entarysemi+f’inite
obliquesourcelines:SourceLinesofequalstmengthareplaced
alongtheleadingandtrailingedgesbeginningat thecenter section
inconjunctionwitha con.st-mxtdistributionofsfnklinesalong
theohordalsobegim~ngatthemiter eection.At thetip,where
thewingiscutoff,reversedsti-infinitmsourceandOinklines
aredistributedsoaa tocancalexactlytheeffectofthoseorigi-
natingat thecentersectionintheentire regionOTspaceo~tboard
ofthetip.

.,..“
For m> ,*,thesficeswhiohhreconsideredtoqriginate

thewingtrailingedgehav&no ~ffect,onthewjngbecausethbir
‘1’ines’arebehindthewing. (Seefig.2(q).)~hodisturbance
velocityu isthene~ressedinthefollowhgform(reference
appendi.xA, equation(Al)):

“* &
u=~,-J +fi”,o+o,o - Djjo,”

at

hach

3>

- ‘I_@jh-iih/m,-h“ D%/ZII,h‘-%-h/m,-h (A4)

wherethesubscriptnotqticm?.ngicake8theoriginofthesource
line.Thebarsover u refertothosourceliriescausedby the “
oppositewingpanel;thati~, Ii Indicalmea Gourcelfi~witha
reversalinthesignof m.‘

In equation(A4),the u-expressions&rQ gfven hy thereal
partsofthefollo’wing.axpresqions:, , ,, -

,,,,“”.
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where g’,~ representsthe~rig~noft“he
I?orthebiconvexparabollo+wcprofile,

elementarysourcelinesq

.-,.

Thesymbol~ inequation(A4)referstoan integration
whichrepresentsthei?n?lnenc6ofa Unxformdis_bribu~~QIntif8ource
ll~esalongthechordofthebiconvexprofilebeginningatthe
positionE,q. Thisintegrst~oni~expressedas (reference3,
appendixA, equation(A2)): .

where Et isthovariablsof integrationrepresmting the ~-coordinate
oftheoriginofeachsourceline inthedistributionof scn.zrc.elines.
Forthebiconvexprofile}

Equation(A7]isexpressedas a functionof ~;
-T’

thatis,

,

Then
●

✎

.

*E,T(X,.y) = ()(Y-ll)fy ““-, ‘q ,. ,’

$C,qix, y)
[1

EL‘-(y-q}f-(Y-n)

—

\
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Fortherectangular

. resultfrcmsubstituting

*“
‘ NACATN..No.1449.. .

Rectangu@Wings
,,~ .:.......:..L.:’.’.”:,-,;-:..“,..+. .... .

.tiiwi:.~.=w arig.t%i“fciilowihg”e~e~slona
m =w inequation(A’j),(A6),and(A7):
,,.-. ,’,.,.

%-l ‘1 1(x,y) = : * q - COB-1y_-6~)
:’. . .. .

-., , ““V dZ..
:g:;a(”+:y)=.7 ~..cos-i~:_-E~J”‘ ‘ ,-,- ..’,, ,...’,.

.. .......,, . . .:..,,,,,,.. . .. . .’. .....,_.. .. .. ,..
j+k,q(xsY) = --;(Y- ~)~ Ccih-:*, :,.,

{ p,y,=i, ..

IL.
(’ )[ 1]

+L X-E’ ~_!co#.P.kJd. ,. .......
B-Y-1) ~._k. ..

,.

LimitsOfIi’Xte@?qtfons

,, TM limltsofintegrationwithregard.to ~ for-thesection
wave~a~ coefficientsWd wi~h.regarilto y farthetdtalwi~
wave-dragcoefficientsarediscussed.T4e.u+~onetits caused”by
eachoftheelementarysourcelines arezeroatBllpointsoutside
oftherespectiveMachcones.Theexpzwsaionsfortheu-intogrand
inequation(1)arethereforeevaluatedalongthesectionforvalues-
of x beginningat theforwardboundaryoftheMachcone.This
int~~tiOngivesth8sectionA.rag-coefficientcomponents. In-order
to obta@,the-w@gwave+.ragcoefficient,the.secticm:wa?e-d,rag-.
coefficientcomponentsobtainedfr~ therespective~xpres9ionsare
evaluatedalongthewinespanforvalue~of y containedwithinthe
Machcone.TableI ref@?sto onesideofthe.wing(xandy posltlve)
andshowsthelimtts,of”integrationfor “x and y fortherequlzwd
u-expressionsfez?’thewingswithsweptbackandrectangularplanforms
(fig.2).

.
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., ‘-. “’ ‘“ AP?2ENDIXB .. ...:.-

8
-.-“..,.. ,. .,.>,.... ...,“ ...‘...-,.. L... .,.

,, FORilUIAS.@i WAti~DRA~COEFFICIENTSFORti@ERED:uSM131?lBACK.,,, ,., ~.,, .
ANDRECTANKMLARWINGSOFBICONVHPAIiABOLIti-ARC

[ ]
PROFIlIE1LTZ3KOLtim = COt~~~,.

...... In,the“fol@winganalysisthe”quantitiesy and K are..“ employed.nondimensionallytnteriwof”thes~ichorti,‘Theeq~tions,. forthe dragcoefficieriti,sin all casesreferto.thereal“partsof
theindicatedexpressions~ :,

,.

.’ ....... SectionWave-JkagCoefficients”-forSweptback’Wings-%
.

Sectionwave-drag
,,

. coefficientwithouttipeffectb.- The-section
dragcoefficientobtaine~q~fl) forthegivenwingat ‘
a sp.anwlaustation”y .a@ blach”num~erM withoutthetipeffect -

, wasfoundtobe aS foU.pws:

J. ,c~(~) = :(\:)2m.1$3csosh-l‘~ .
..“. L ..

,.

. .
8----
3

+- 1.,——
[ . .
2 .Os-l2- K&;2 - ?-~

3~m!2-1

- 2(2K3- 3.-1) COS–lK(l+mt2) +2
2M1(K+ 1).1..
I
(@+2) 2-(= ILl)2 <
&

\
.

.

(31)

whereK = ~ @ ml=@, At tilecentersection,tiherey orm
K=O, equation(Bl)becomes:

. .

..
..

.
#
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When K =- 2 Oi y=. 2gl
m

theforwardMachlinefrcm
-1 . -;;”@’:j:ls

2mcentersection intersectsthewingtrailingedge,andfor y ~ —
M -1equation(Bl)reducesto~hq:followingexyrffs6ioq:.,,, ,. ,,J..’.... ..

. . . . .,,

l&crementin sectionwave-dragcoefficientcaueedbyw* tlpO.-
Theinc~ementincd causedbythetip’sdependeon.the sweepangle,
aspeqt–ra,t.i.o,andMachriumber.Thefollowi~typ6sonourinan,.
unt”a~eredwh~: ‘,.

1. If ~~ ,=
I@+l’ eachti~affectssolelyitsownhalfofthe

W:hlg. In thiscasetheregionofthewingaffectedisbetweenvalues

- — toh. (Seefig.2.) Theincrementineectlon
~f’y ‘rm h H@%

:.’ ,wave~ag
oau~edky,,

coefl?ioientata MachntunberM and.spanwis6positiony
thetipwae.fQundtobe as”foilows: ‘

.2 1~t-(m~2- l)7af
c0s-1 (B2)

‘ 3F 2m’2
J

wherethesubscripta indicatesthatthex=axisisshiftedtothe1, tipsection,andwhere yat= yap and ml = E@, Intheplanform
ofthowing

Y“ ya,+h . . .

In equation(B2)valuesi?qrYa”are”takeafrom - — 2?n too.. mp+l
all”11. —1fA<@3+l’thetipontheopposit~wingpanel

contributesan incrementin cd inadditiontothatdiscussed



Unaw type 1. (See fig.2.) The incrementIn aca ata sectionc.mmedbytheopposite
tipwasobtainmlinthef’O~OW@farm:,. .

..

{

[“
,’Acdn(y) = :(:)2 ~( & (~bt - I.Oh!- 2m1) [Yb’- ‘2(ht- rnt~2- (m’yB’)2

4! 1,)
‘[

&2
, .1[ l}”:-—(14+m’2j - sh’yb~+ 2h12 -rn~2 coeh-l ~’ - 2(h’ ‘m’) ~“ ,

32 mtyb [
. .

r-

;. ..’
..,.

,,
(q):

.,’
,.

.:.
.,

OJ2X3Eft~t~p 89&&
the-wing : .. ,,~.

r. ..
.,’

,.

.,

whom the subscriptb indica~es~haithei-axisisshiftedtcthe
andwhere‘~b~. yb~,inl= @, and h~. ~. lnthe@an formof

,;

1, Y=yb
_h-, .; “.

The limlta for yb to be usedineq~tia.<B3) depend on tk value of the’ asp~ct’ .;:
~tio A. ~S ,.

(a) If A<~>l, thefrontMachlitifrcmtheopposttetipIriteraectsthe

2$- ~)#,S0ti~ val~sfor Ybtrailingwigsata valtiof y~. Inequati.cm[B3)co%

lie@nfrcm b to,2$.::), ..
..

,.. FL
.“ “+!

G.
.,.,~

,,!
.:,’
,.,

,., ‘..>,
r“ :~. ,;

..
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#

.

(b) If A<m9~l <l, thefrontMachlinef~’mntheopposite
tipintersectsthetipsection, andvaluesfcu*yb inequation (B3)
are.takenfrcm h to 2h.

“,ln ca~es(a)and(b)discussedundertypeII,theincyementin
AOd causedby theadjacenttlpdiscussed.undertme I ieobtained”
at spauwfOepositionsof ya &a .-h“voO.

Thetotalincrementinwave-dragccmfficientata sectioncaused
by thetipsisgi?.?nbY —

hd .
‘AcdI‘Acdll .,

,.

andthetotalwave-dragcoefficientat thesection38

. .
cd =?C~m‘“+ACa

SectionWave.41ragCoefficientsforRectang@_arWinqs

Fortherectangularwing,m! . mpam and& fol].owing
equation~resultfrcmequations.(Bl]to (li3):

Seationwave-dragcoefficient-withouttipeffect.-~orall
valuesof y

=I&tzuCdcay ;

.

@4j -

.

—

.

ThisresultagreeswithAckw~7et1stheory~’ortheb~convexpmabolic-
arcproftle.

If A?2-> thetipeffec~resultssolelyfromtheadjacenttipand
B

8 “t 2 Yaf ,2
(~{ [(

ACd== — .
3@ C, T ‘a -

I-2) co8h-14
Yafl

., 1+2j4 -yafa -2 Cos-l+ 1

.



If’A<:, the :ipQnthqopposite.,. .:. ;.
Incrementin cd i~additiontO Acdl.,
sectioncausedby theoppositetipis

i
+24

‘“1
- 2 Cos-1 J%f-Ybtz . -%-,,

-)
where

The

A<

wing panelcontributesan
-,....

Theincremenfin.Acd ata

cosh-~‘2

‘b1 = yb~= (y+ h)@

valuesfor ybl or y whicharerequired
g
P

are a~ follows. . .
(a) If A>*,

(b) If ‘A~#~

WingWave-Drag..

Theintegrations

(weefig.2(b)):

,

(B6)

y variesfrom O to ~–

y variesfrom O toh

Coefficientsfol’fhreptback

.. .

In equation(B6)for

. .. .

h’

W:ngs ,

ofequaticns(Bl)to (B3)forthe-sectionwave-
dragcoefficientsbetweentheappropriatelimitsfory (fig.2(a)and
tableI) yieldthefollowingresults.fauthesweptbackwing,

Wingwave-dragcoefficientwithouttipeff6~tfl-%hewi~ wave-
dragcoefficientwithouttipeffectis -,



(n7)

,..
Increment

ElrMnl~= II@.

inwin~ Wavh--drag—— .—.coefficientcaused.‘bytips.-If————— ..——
A> al

thecontributionofthettpetothe-wingwave-drag‘
mp + 1> .

coefficienti.szero. ...

T . .

+nl’~- pi~~<~f@ -1.,— c06
3m’
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Totalwin~wave-dragcoefficfent2-Thetotalitingwave-drag
coefficientisobtainedas thesum,

wherethecomponentsCDm antiA% arecalculatedfrcmtheforegoing ,
equationsforthewingwave-dza~ccmffi.cientappr~riatetothetispect
ratioofthewing. ..... .-’

WingWav~DragCoefficientsfcwrRect~lar Wings

Fortherectangularwing, mf = Z@
,,

=W. Thefollowingresultfl
forthewave~ag coefficientofthe.rectangulatiwin~maybe obtained
eitherhy integrationsofequations(B4}to (B6)betweentheappropri-
atelimitsfor y (seefig.2(b))orby substitutionof m =~ in
equations(B7)to (B9):

wingWave-ag coefficientwithouttipeffect.-Thewingwave--drag
coefficientwithouttipeffectfs

16t2()cD.=~: ($10)
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ThisresultagreeewithAckerettatheoryfora biconwoxparabclic-
arcprofile.

Zncrementinwingwave-dragcodffcientcausedby tiye.-The
incrementin contribu%dby the ti~sisobtainedinth-efwm

(Bll)

,

.

—

where

>~
If A=r equation(321)showsthat ACD= 0.

.
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TABIJ51

ImQT2al’mrEuRATIorfmRKuK3sUrrEswEm2MK

AmJRKmmUr@ PIAriF’0w3

Limit8ofIute#atlcm
u-a~cslenta x Y

Lvuer uppar Lower Upper
Mmit limit Iilmt Ltmlt

Sueptbackwings

%,0 =0,0

#O,o #%,cl
T/n L+an o h

‘hm,h/ ~m9+l). yi3 Z+c h-~m m13+l

1
( )
if A>* h

D%sh Bfl+l
oifA<2m
( @+ 1)

-%/.,4 “
Mi+u

gm+l)+ml Y

.$h&h
-+0 0.m ff;>A>~)

(h lf ‘a >*:&
*+1 J

Reo~ m (==aI)

%0 =0,0
o 0 0 h

+0,0 i=o,o

‘O,h f3(h- y) o ‘-;
#%,h ( 1if A>$ h

(
o if ~52

)F
b~o,-h a--

fJ(h+y) Y $h
k

~+c o
(fif )>A>$

D0,-h
h
k )

2:A5~
F

~“” “-=””’8 -$+,-h‘- +%!@- ‘-” ‘fA<*’ therefore,the Inteptkm

MmIts for these u-xqxments refer to oases inwhichA< ~~ ~.

bl!heOaupcmenta~,~ & +0,-h
-Zemti *Z2-;tharefcme,theintagntiaU.mit8Corb

theeeu-xsaponentsrefertocaeeainwhichA< ~.
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